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Ab initio calculationsAbstract In this research, structures of M(BAE) (where M= VO(IV), Zn(II), Cu(II) and Ni (II),
BAE = bis(acetylacetone)ethylenediimine), [Ni(BFE)], [Ni(BBE)] and [Ni(BCE)] (where BFE =
bis(1,1,1-triflouroacetylacetone)ethylenediimine, BBE = bis(benzoylacetone)ethylenediimine and
BCE = bis(3-hloroacetylacetone)ethylenediimine) were determined by MP2 theoretical study.
The thermodynamics of the tautomerism reactions was studied and the equilibrium constant of
the reactions was calculated. The optimized molecular geometry and atomic charges were calculated
using MP2 method with 6-31G(d) basis set and compared with the reported X-ray data. Nickel and
copper complexes have a planar structure while the zinc structure shows a distorted square-planar
N2O2 coordination geometry. The vanadyl structure has a square-pyramide N2O3 coordination
geometry. Also the bond lengths and the bond angles were studied and compared.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Schiff bases have been widely used as ligand because of the
high stability of their coordination compounds with different
oxidation states. The p-system in a Schiff base often affects
the electronic structure of complexes as well as geometrical
constriction. Transition metal Schiff base complexes have been
studied as catalysts in organic redox and electrochemical
reduction reactions [1–4]. They are important in many areasof science, including catalysis, medicine, design of high value
materials, analytical chemistry and as model compounds of
the structure and function of metalloproteins [5–8]. The
keto-amine/enol-imine tautomerism phenomenon is reported
for Schiff bases derived from b-diketones [9,10]. The theoreti-
cal study of Schiff bases with tautomeric forms was performed
previously [11,12].
In the present work, we reported the theoretical study of M
(BAE) structures (where M= VO(IV), Zn(II), Cu(II) and Ni
(II), BAE = bis(acetylacetone)ethylenediimine), [Ni(BFE)],
[Ni(BBE)] and [Ni(BCE)] (where BFE = bis(1,1,1-triflouroace
tylacetone)ethylenediimine, BBE = bis(benzoylacetone)ethyle
nediimine and BCE = bis(3-hloroacetylacetone)ethylenedii
mine) (Fig. 1) by ab initio calculations and the results were
compared with the reported X-ray data [13–17].y of the
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Figure 1 Structure of Schiff bases and M(Chel) complexes.
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Figure 2 Optimized structure of BAE Schiff base ligand and
their tautomeric equilibrium.
2 A.H. Kianfar, R. Hashemi FathThe b-diketone, keto-amine/enol-imine and b-diimine
conversions were investigated by ab initio quantum chemical
calculations in order to reveal the stability of the different
tautomers. The conjugations of the different tautomers were
examined in order to understand the differences in theirPlease cite this article in press as: A.H. Kianfar, R. Hashemi Fath, Theoretical stud
tautomerism reactions by ab initio calculations, Egypt. J. Petrol. (2015), http://dx.drelative stability. The thermodynamics of the tautomeric reac-
tions were studied using theoretical method and equilibrium
constant of the reactions were calculated. The optimized
molecular geometry and atomic charges were calculated using
MP2 method with 6-31G(d) basis set.
2. Computational calculations
Ab initio calculations were carried out using the Gaussian 03
program [18]. The geometries of all the stationary points were
optimized at the MP2 [18] level with the 6-31G(d) basis set.
Harmonic vibrational frequencies were obtained at
B3LYP/6-31G(d) level in order to characterize stationary points
as local minima or first-order saddle points. The number of
imaginary frequencies (0 or 1) indicates whether a minimumy of the structures of Schiﬀ base compounds and thermodynamic study of the
oi.org/10.1016/j.ejpe.2015.03.010
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Figure 3 Optimized structure of BFE Schiff base ligand and
their tautomeric equilibrium.
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Figure 4 Optimized structure of BBE Schiff base ligand and
their tautomeric equilibrium.
Schiff base compounds and tautomerism reactions 3or a transition state has been located. The atomic charges were
calculated at the MP2 method with 6-31G(d) basis set.
3. Results and discussion
Molecular mechanics attempt to reproduce molecular geome-
tries, energies and other features by adjusting bond length,Please cite this article in press as: A.H. Kianfar, R. Hashemi Fath, Theoretical stud
tautomerism reactions by ab initio calculations, Egypt. J. Petrol. (2015), http://dx.dbond angles and torsion angles to equilibrium values that are
dependent on the hybridization of an atom and its bonding
scheme. In order to obtain estimates of structural details of
these compounds, the molecular structure of compounds were
optimized. Energy minimization was repeated several times to
find the global minimum.y of the structures of Schiﬀ base compounds and thermodynamic study of the
oi.org/10.1016/j.ejpe.2015.03.010
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Figure 5 Optimized structure of BCE Schiff base ligand and
their tautomeric equilibrium.
Table 1 Significant bond lengths and bond angles calculated at the
Structural parameter BAE BFE
A-1 A-2 A-3 B-1 B-2
Bond lenghts (A˚)
O1AC2 1.258 1.340 1.338 1.253 1.333
N1AC4 1.355 1.308 1.306 1.350 1.308
N2AC9 1.355 1.351 1.306 1.344 1.341
O2AC11 1.258 1.256 1.338 1.255 1.256
Bond angles ()
O1AC2AC1 118.944 112.939 112.892 114.901 111.635
O1AC2AC3 123.756 123.239 123.328 126.862 125.958
N1AC4AC3 120.735 118.209 118.613 120.347 117.516
4 A.H. Kianfar, R. Hashemi Fath
Please cite this article in press as: A.H. Kianfar, R. Hashemi Fath, Theoretical stud
tautomerism reactions by ab initio calculations, Egypt. J. Petrol. (2015), http://dx.d3.1. Molecular structure and analysis of bonding modes in Schiff
base ligands
A keto-amine/enol-imine structure for Schiff-base ligands
derived from diketones and diamines were proposed. The
results showed that the hydrogen was bonded to both oxygen
and nitrogen (NH/OH) [19–22]. The structures of the ligands
were determined by ab initio calculations. The different tau-
tomeric conversions were investigated by ab initio quantum
chemical calculations in order to reveal the stability of the dif-
ferent tautomers and the possible formation of order conform-
ers for the ligands.
The optimized molecular structures of the Schiff base
ligands represented in Figs. 2–5. Significant bond lengths and
bond angles are reported in Table 1. The calculated
relative energies at theory level mentioned above are shown
in Fig. 6.
It was shown that, for BAE, the A-1 structure is more
stable than A-2 by 37.5 kJ mol1 and the A-2 structure is more
stable than A-3 by 28.3 kJ mol1. Relative energies of different
species which are corrected via zero point energies, are shown
in these structures. For BFE Schiff base ligand, the differences
of the calculated relative energies (DE) at theory level are in the
trend of 0 < 23.6 kJ mol1 < 23.9 kJ mol1 for B-1, B-2 and
B-3 tautomerism forms. The BBE and BCE Schiff base ligands
show the same trend. Fig. 6 shows that the C-1 and D-1 struc-
tures are the most stable forms for BBE and BCE schiff bases,
respectively. The total and relative energies (corrected via zero
point energies), zero point energies and dipole moments of the
individual isomers of ligands are presented in Table 2.
Standard free energy and equilibrium constant for the
forward and reverse of R1 to R8 reactions are reported in
Table 3.
The standard free energy (DG) and the equilibrium
constants (K) were calculated from Eq. (1) and Eq. (2),
respectively.
DG ¼ G2  G1 ð1Þ
DG ¼ RT LnK ð2Þ
where R is the gas constant and T is temperature in Kelvin. G2
and G1 were calculated from the ab initio.
Equilibrium constants for these reactions are also calcu-
lated to show the ratio of concentrations of products to those
of reactants.MP2/6-31G(d) level.
BBE BCE
B-3 C-1 C-2 C-3 D-1 D-2 D-3
1.331 1.261 1.342 1.340 1.257 1.326 1.326
1.305 1.354 1.310 1.307 1.352 1.302 1.300
1.305 1.369 1.348 1.307 1.352 1.351 1.300
1.331 1.256 1.262 1.340 1.257 1.246 1.326
111.717 118.010 114.068 113.945 118.922 114.317 114.403
125.944 123.280 122.987 122.957 122.623 121.173 121.125
117.858 122.112 118.182 118.573 120.132 116.942 116.729
y of the structures of Schiﬀ base compounds and thermodynamic study of the
oi.org/10.1016/j.ejpe.2015.03.010
Figure 6 Relative energies of different species for reactions R1–
R6 in kJ mol1 at the MP2/6-31G(d) level. All values are corrected
with zero point energies.
Table 1 (continued)
Structural parameter BAE BFE BBE BCE
A-1 A-2 A-3 B-1 B-2 B-3 C-1 C-2 C-3 D-1 D-2 D-3
N1AC4AC5 118.636 124.537 122.802 119.168 124.983 123.265 117.186 124.644 122.846 118.991 124.467 124.462
C4AN1AC6 126.641 121.914 120.226 127.844 121.848 120.319 124.255 121.860 120.349 125.472 122.592 122.740
C7AN2AC9 126.644 126.779 120.226 127.046 127.531 120.319 123.427 127.213 120.349 125.473 126.146 122.732
N2AC9AC8 118.639 117.786 122.803 118.316 118.425 123.265 118.111 117.992 122.844 118.991 116.697 124.461
N2AC9AC10 120.734 121.404 118.612 120.938 120.817 117.859 121.380 121.343 118.575 120.136 120.076 116.734
O2AC11AC10 123.757 123.608 123.328 126.731 126.842 125.944 123.562 123.510 122.954 122.629 121.088 121.127
O2AC11AC12 118.926 118.995 112.892 114.960 114.872 111.717 118.808 118.022 113.946 118.966 118.942 114.397
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complexes
The geometry of complexes was investigated by ab initio
method. It was shown that, V(IV) ion has a square-
pyramidal N2O3 coordination geometry, Ni(II) and Cu(II)
ions have a square-planar N2O2 coordination geometry and
Zn(II) ion has a distorted square-planar N2O2 coordination
geometry. The optimized molecular structures of the com-
plexes are represented in Figs. 7 and 8.
Significant bond lengths and bond angles are also reported
in Table 4.
To support the theory we compared the calculated bond
lengths and bond angles with the reported experimental X-
ray data. The results show that the structural characteristics
of the complexes in the solid state and gas phase are nearly
similar and confirm the applied theoretical method. In some
cases there are some differences between the experimental
and theoretical results. This is due to the reason that, the cal-
culation in theory is in gas phase and the solid state interac-
tions were omitted.
3.2.1. Description of the structure of [VO(BAE)]
A view of the optimized molecular structure is shown in
Fig. 7, with selected bond lengths and bond angles listed
in Table 4. The coordination geometry around the central
vanadium atom is basically a square pyramid formed by
the two oxygen and two nitrogen atoms of the quadriden-
tate ligand and the apical oxygen atom. The oxygen and
nitrogen atoms of the Schiff base ligand are at average dis-
tances of 1.966 and 2.053 A˚, respectively. The reported aver-
age distances for VAO and VAN bonds from the reported
data of crystal structure are 1.950(6) and 2.053(6) A˚, respec-
tively [13]. The apical V‚O bond distance is 1.559 A˚ while
the reported X-ray data show 1.585(7) A˚ [13] and both of
them are in the range of 1.56–1.67 A˚ reported for other
vanadyl complexes. The vanadium atom is displaced
0.60 A˚ (0.58 A˚ [13]) above the least squares plane of the
coordinating atoms (O1, O2, N1 and N2) of the
b-ketimine. However, if we select what appears to be a
rational [23] apex-to-base angle (vanadyl oxygen-V-basal
ligand angle) of P90 and 6115 for a square-pyramidal
configuration, the angular distortions from a trigonal bipyra-
mid are much greater than a proposed square pyramidal
structure of [VO(BAE)].
The average CAN and CAO bond distances of 1.323 and
1.295 A˚ (1.29(1) A˚ and 1.30(1) A˚ [13]), respectively. A surveyy of the structures of Schiﬀ base compounds and thermodynamic study of the
oi.org/10.1016/j.ejpe.2015.03.010
6 A.H. Kianfar, R. Hashemi Fath[24] by Lingafelter and Braun of eight three-dimensional
determinations of salicylaldimates gives an average of
1.295 A˚ for the CAN bond and 1.312 A˚ for the CAO bond,
which correspond to bond orders of almost 1.8 and 1.5 A˚,
respectively.Table 2 Relative energies (with zero point energy correction) DE (kJ
l (D) of the isomers of ligands calculated at the MP2 level using a 6
BAE DE ZPE l BFE DE ZPE l B
A-1 0.0 818.9 0.32 B-1 0.0 697.7 8.89 C
A-2 37.5 814.5 2.66 B-2 23.6 694.3 7.46 C
A-3 65.8 810.4 1.58 B-3 53.5 687.6 6.82 C
Table 3 Standard free energy for forward reaction DG0f (kJ mol
equilibrium constant for forward reaction Kf and equilibrium consta
Energy Rn
R1 R2 R3 R4
DG0f 32.64 16.85 21.15 33.01
DG0r 32.64 16.85 21.15 33.01
Kf 1.91  106 1.11  103 1.97  104 1.64  10
Kr 523.45 896.09 5076.90 608791.05
Zn(BAE
VO(BAE)
Figure 7 Optimized structure
Please cite this article in press as: A.H. Kianfar, R. Hashemi Fath, Theoretical stud
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and [Ni(BBE)]
The representative bond lengths and bond angles are listed in
Table 4. Figs. 7 and 8 present optimized molecular structures
of complexes [Cu(BAE)], [Ni(BAE)] and [Ni(BBE)]. In thesemol1), zero point energies ZPE (kJ mol1) and dipole moments
-31G(d) basis set.
BE DE ZPE l BCE DE ZPE l
-1 0.0 1100.1 3.74 D-1 0.0 766.48 2.40
-2 39.1 1096.2 2.76 D-2 35.1 764.76 3.88
-3 68.6 1089.5 1.54 D-3 66.0 760.44 2.46
1), standard free energy for reverse reaction DG0r (kJ mol
1),
nt for reverse reaction Kr for R1 to R8 reactions.
R5 R6 R7 R8
31.14 28.10 13.25 31.49
31.14 28.10 13.25 31.49
6 3.50  106 1.19  105 4.77  103 3.04  106
285990.79 83804.45 209.73 328436.89
)
Cu(BAE)
s of [M(Chel)] complexes.
y of the structures of Schiﬀ base compounds and thermodynamic study of the
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Table 4 Significant bond lengths and bond angles calculated at the MP2 method with 6-31G(d) basis set.
Structural
parameter
VO
(BAE)
VO
(BAE)a
Cu
(BAE)
Zn
(BAE)
Ni
(BAE)
Ni
(BFE)
Ni
(BFE)b
Ni(BFE)c Ni
(BBE)
Ni
(BBE)d
Ni
(BCE)
Ni
(BCE)e
Bond lenghts (A˚)
N1AC4 1.322 1.292(14) 1.324 1.320 1.325 1.322 1.299(7) – 1.324 1.308 1.327 –
N2AC9 1.325 1.298(14) 1.324 1.320 1.325 1.322 1.303(7) – 1.324 1.320 1.327 1.322(4)
N1AC6 1.461 1.505(19) 1.462 1.461 1.462 1.464 1.465(7) – 1.462 1.472 1.464 1.465(4)
N2AC7 1.466 1.512(15) 1.462 1.461 1.462 1.464 1.435(7) – 1.462 1.465 1.464 1.470(4)
C6AC7 1.520 1.421(21) 1.527 1.533 1.512 1.512 1.412(9) – 1.510 1.505 1.512 1.494(5)
O1 AC2 1.296 1.305(12) 1.289 1.295 1.288 1.284 1.274(7) – 1.288 1.297 1.286 –
O2 AC11 1.294 1.294(13) 1.289 1.295 1.288 1.284 1.283(6) – 1.288 1.295 1.286 1.290(3)
C2AC3 1.387 1.373(16) 1.394 1.396 1.388 1.377 1.356(7) – 1.388 1.370 1.395 –
C3AC4 1.416 1.391(17) 1.414 1.419 1.408 1.415 1.431(8) – 1.410 1.417 1.417 –
C9AC10 1.414 1.389(16) 1.413 1.419 1.408 1.415 1.429(8) – 1.410 1.410 1.417 1.422(4)
C10AC11 1.389 1.359(16) 1.394 1.396 1.388 1.377 1.330(7) – 1.387 1.366 1.395 1.362(4)
F1AC1 – – – – – 1.347 1.315(8) – – – – –
F2AC1 – – – – – 1.347 1.313(8) – – – – –
F3AC1 – – – – – 1.355 1.306(7) – – – – –
F4AC12 – – – – – 1.355 1.311(7) – – – – –
F5AC12 – – – – – 1.347 1.319(8) – – – – –
F6AC12 – – – – – 1.347 1.319(6) – – – – –
MAN1 2.048 2.059(9) 1.927 1.992 1.838 1.842 1.856(4) 1.861(2) 1.837 1.859 1.831 1.850(2)
MAN2 2.057 2.048(8) 1.926 1.992 1.838 1.842 1.864(5) 1.854(2) 1.836 1.852 1.831 1.853(2)
MAO1 1.966 1.945(7) 1.890 1.935 1.819 1.816 1.848(4) 1.8506
(18)
1.818 1.858 1.811 1.842(2)
MAO2 1.967 1.956(8) 1.889 1.935 1.819 1.816 1.839(4) 1.8495
(16)
1.816 1.851 1.810 1.845(2)
MAO3 1.559 1.585(7) – – – – – – – – – –
Bond angles ()
N1AC6AC7 107.615 112.1(0.7) 108.500 110.364 106.274 106.313 – – 106.311 108.2 106.455 111.4(2)
N2AC7AC6 108.337 113.3(1.1) 108.517 110.370 106.271 106.313 – – 106.297 108.5 106.465 110.6(3)
O1AMAO2 85.773 86.2(3) 86.518 101.250 84.387 84.128 83.4(2) 83.05(7) 83.990 83.6 84.759 82.91(9)
O1AMAN1 87.122 87.3(3) 92.923 93.789 94.154 94.273 94.5(2) 95.02(8) 94.524 94.9 93.453 94.01
(10)
O2AMAN2 87.301 87.7(3) 93.096 93.790 94.168 94.312 95.0(2) 94.97(8) 94.245 94.6 93.473 94.37
(10)
N1AMAN2 79.830 79.9(3) 87.538 84.461 87.456 87.491 87.0(2) 86.89(9) 87.534 86.9 88.443 88.70
(11)
O1AMAN2 141.169 141.6(3) 177.579 150.848 176.546 176.145 177.2(2) 177.26(8) 175.521 – 176.674 177.01
(9)
O2AMAN1 149.419 150.7(3) 178.062 150.855 176.549 176.205 177.9(5) 177.38(8) 175.525 – 176.728 176.88
(9)
O1AMAO3 112.007 110.4(3) – – – – – – – – – –
O2AMAO3 107.809 106.0(3) – – – – – – – – – –
N1AMAO3 102.433 103.1(4) – – – – – – – – – –
N2AMAO3 106.493 107.7(4) – – – – – – – – – –
a Values X-ray taken from Ref. [13].
b Values X-ray taken from Ref. [14].
c Values X-ray taken from Ref. [15].
d Values X-ray taken from Ref. [16].
e Values X-ray taken from Ref. [17].
Schiff base compounds and tautomerism reactions 7complexes, the four coordinated copper(II) and nickel(II)
atoms are in a square-planar geometry by the Schiff base
ligands. The Schiff base acts as a tetradentate ligand through
the nitrogen and oxygen atoms. The structure of [Cu(BAE)]
adopts a nearly ideal square planar geometry with
O1ACu1AN2 and O2ACu1AN1 bond angles of 177.579
and 178.062, respectively. The CuAO and CuAN bond angles
are arranged from 86.518 to 93.096 in the usual range in both
complexes and slightly deviate from the ideal value (90). ThePlease cite this article in press as: A.H. Kianfar, R. Hashemi Fath, Theoretical stud
tautomerism reactions by ab initio calculations, Egypt. J. Petrol. (2015), http://dx.dO1ANi1AN2 and O2ANi1AN1 bond angles of [Ni(BAE)]
structure are 176.546 and 176.549, respectively and other
angles around nickel(II) are in the range 84.387–94.168 [25].
3.2.3. Description of the structure of [Zn(BAE)]
The optimized molecular structure of [Zn(BAE)] complex is
represented in Fig. 7. Significant bond lengths and bond angles
are also reported in Table 4. In the [Zn(BAE)] complex, the
O1AZn1AN2 and O2AZn1AN1 bond angles are 150.848y of the structures of Schiﬀ base compounds and thermodynamic study of the
oi.org/10.1016/j.ejpe.2015.03.010
8 A.H. Kianfar, R. Hashemi Fathand 150.855, respectively and other angles around zinc(II) are
in the range 84.461–101.250. The ZnAO and ZnAN bond dis-
tances are in the usual range in the complex.
3.2.4. Description of the structure of [Ni(BFE)]
The optimized molecular structure of [Ni(BFE)] complex is
shown in Fig. 8. Bond lengths and angles are given in Table 4.
The average distances of NiAO and NiAN were obtained as
1.816 A˚ and 1.842 A˚. The reported results of NiAO and NiAN
bond lengths are in the ranges of {1.844(4) A˚ [14] and 1.850(4)
A˚ [15]} and {(1.860(5) A˚ [14] and 1.857(4) A˚ [15])}, respectively
and both the results are slightly shorter than the ranges of
1.85–1.93 A˚ and 1.89–2.01 A˚, generally observed for square-
planar nickel(II) complexes [26]. The bond lengths and angles
in the macrocycles are comparable to those found in similar
complexes [27,28] where the ligand was BAE(en(acac)2) and
where comparisons are possible to the only other reported
nickel tetradentate Schiff base complex, Ni(salen) [29]. So, it
is characteristic that the CAC separation adjacent to the
CAN bond is somewhat longer than the CAC distance adja-Table 5 Bond lengths of complex Ni(BBE) compared with Ref [16
Bond Length (A˚)
This work (average) of two values, for Ni(BBE) Aver
C2AO1 1.288 1.296
C2AC3 1.387 1.368
C3AC4 1.410 1.414
C4AN1 1.324 1.314
C4AC5 1.511 1.511
N1AC6 1.462 1.469
C6AC7 1.510 1.505
a Values of X-ray taken from Ref. [16].
Table 6 Atomic charges (e) calculated from natural population an
Compound Atom
O1 O2 O3 N1
A-1 0.770 0.769 – 0.719
A-2 0.801 0.761 – 0.691
A-3 0.799 0.799 – 0.667
VO(BAE) 0.885 0.880 0.787 0.799
Ni(BAE) 0.875 0.875 – 0.817
Cu(BAE) 0.914 0.914 – 0.863
Zn(BAE) 0.944 0.944 – 0.870
B-1 0.731 0.736 – 0.712
B-2 0.780 0.740 – 0.668
B-3 0.780 0.780 – 0.644
Ni(BFE) 0.851 0.851 – 0.796
C-1 0.766 0.750 – 0.714
C-2 0.796 0.769 – 0.691
C-3 0.795 0.795 – 0.667
Ni(BBE) 0.858 0.856 – 0.816
D-1 0.633 0.703 – 0.708
D-2 0.782 0.737 – 0.683
D-3 0.787 0.707 – 0.666
Ni(BCE) 0.861 0.861 – 0.809
Please cite this article in press as: A.H. Kianfar, R. Hashemi Fath, Theoretical stud
tautomerism reactions by ab initio calculations, Egypt. J. Petrol. (2015), http://dx.dcent to the CAO bond since the latter is formally a double
bond.
The six independent CA distances in the CF3 groups lie in
the range 1.347–1.355 A˚ (1.306(7)1.319(8) A˚ [14]), with an
average value of 1.350 A˚ (1.314(5) A˚ [14]). These values are
similar to those found in other trifluoromethyl complexes
[30,31] and also in the trifluoroacetate ion [32,33].
3.2.5. Description of the structure of [Ni(BBE)]
The optimized molecular structure of [Ni(BBE)] compound is
shown in Fig. 8 and bond distances and bond angles are
reported in Table. 4. The two chelating chains and the Ni atom
are nearly coplanar. The geometry around the Ni atom is
almost square planar. The deviations from the mean plane
defined by the atoms Ni, N(l), N(2). O(1), and O(2) are within
0.021 A˚ (0.02 A˚ [16]). The NiAN, Ni–0 distances are in the
range of 1.816–1.837 A˚ (1.85–1.86 A˚ [16]).
Bond lengths along with the ligand are in good agreement
with corresponding values founded for Schiff-base complexes
of V, Cu and Co [34] (Table. 5).] and [34].
age of two values, for Ni(BBE)a Average values from Ref. [34]
1.294
1.366
1.423
1.308
1.517
1.462
1.503
alysis at the MP2/6-31G(d) level.
N2 V1 Ni1 Cu1 Zn1
0.719 – – – –
0.715 – – – –
0.667 – – – –
0.806 2.103 – – –
0.817 – 1.490 – –
0.863 – – 1.657 –
0.870 – – – 1.737
0.700 – – – –
0.695 – – – –
0.644 – – – –
0.769 – 1.499 – –
0.728 – – – –
0.711 – – – –
0.667 – – – –
0.815 – 1.491 – –
0.714 – – – –
0.707 – – – –
0.666 – – – –
0.809 – 1.489 – –
y of the structures of Schiﬀ base compounds and thermodynamic study of the
oi.org/10.1016/j.ejpe.2015.03.010
Ni(BFE)Ni(BAE)
Ni(BBE) Ni(BCE)
Figure 8 Optimized structures of [Ni(Chel)] complexes.
Schiff base compounds and tautomerism reactions 9As already pointed out [34], the bond lengths of the ligand
are independent of the nature of the metal. For all these com-
pounds, including the present one, the chelating chains are
always found to be planar or nearly planar, with the metal
in the plane of the four donor atoms.
3.2.6. Description of the structure of [Ni(BCE)]
The optimized molecular structure of [Ni(BCE)] complex is
shown in Fig. 8 and the bond distances and bond angles are
presented in Table 4. The angles O1ANi1AN2 = 176.674
(177.01(9) [17]) and O2ANi1AN1= 176.728 (176.88(9)
[17]) indicate that the coordination geometry of the nickel
atom is planar. The NiAO distances of 1.811 A˚ (1.842(2) A˚
[17]) and 1.810 A˚ (1.845(2) A˚ [17]) for Ni1AO1 and Ni1AO2,
respectively are very close to the corresponding values in the
related structures [35]. However, the NiAN distances of
1.831 A˚ (1.850(2) A˚ [17]) and 1.831 A˚ (1.853(2) A˚ [17]) for
Ni1AN1 and Ni1AN2, respectively are significantly shorter
than that of a related complexe (1.910(4) A˚ [35,36]).
3.3. Natural bond orbital analysis
Natural bond orbital (NBO) analysis yields valuable informa-
tion concerning the electronic structures of ligands and their
metal complexes. Negative charges on nitrogen and oxygen
atoms in complexes have been more than ligands because ofPlease cite this article in press as: A.H. Kianfar, R. Hashemi Fath, Theoretical stud
tautomerism reactions by ab initio calculations, Egypt. J. Petrol. (2015), http://dx.dpolar covalent NAH and OAH bonds in the ligands and
MAN and MAO ionic bonds in the complexes. The atomic
charges are represented in Table 6 which are from natural pop-
ulation analysis (NPA) for ligands and the metal complexes
with N2O3 or N2O2 coordination.
4. Conclusions
From the ab initio calculations over the Schiff base ligands and
complexes the following conclusions have been made.
1. The calculated energies show that the most stable conform-
ers are b-diketones, keto-amine/enol-imine and b-diimines,
respectively.
2. In the complexes, metal ions have a square-pyramide with
N2O3 coordination geometry or square-planar and or dis-
torted square-planar with N2O2 coordination geometry.
3. To support the theoretical methods, the results were com-
pared with reported experimental data and it is found that,
there is a good agreement between them.
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